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Introduction
Intracellular calcium handling is a key process in the electrophysiology of cardiac myocytes [1, 2] . On the one hand, it determines cell contractility [1] , because intracellular calcium is the main regulator of myocardial excitation-contraction coupling. On the other hand, it is intimately related to arrhythmogenesis, because calcium overload may trigger abnormal cell depolarization [2, 3] . The dynamic changes in intracellular calcium concentration ([Ca 2+ ] i ) during the action potential are complex. Upon cell depolarization at the onset of an action potential (AP), calcium enters the cell through the L-type calcium channels. This triggers a massive release of calcium from the sarcoplasmic reticulum (SR) to the cytosol through the ryanodine receptors, a process that may elevate [Ca 2+ ] i almost an order of magnitude compared to its basal value (the diastolic calcium level). After [Ca 2+ ] i peaks (reaching its systolic level), it slowly declines due to (a) extrusion to the extracellular medium via the sodiumcalcium exchanger (NCX) in the sarcolemma, and (b) uptake to the SR via the SERCA pump [4] .
In the past two decades, mathematical modelling and computational simulations have been a powerful tool used to better understand the intricate mechanisms related to cellular electrophysiology of cardiac myocytes (see [5] for review). These computational studies rely on detailed and comprehensive mathematical models of action potentials for different animal species [6] [7] [8] , including human [9] . Using this models, different studies have attempted to characterize the influence of the different sarcolemmal and SR ionic currents in AP and intracellular Ca 2+ preclinical biomarkers [10, 11] , but none of them has been carried out in dog, an animal that has widely been used in the past for drug and mutation effect studies [12, 13] .
In this study, we have used a well-known existing model of the action potential and ionic currents of a dog ventricular myocyte [7] to perform a sensitivity analysis to elucidate the ionic mechanisms that affect intracellular Ca 2+ regulation.
Methods
The action potential, underlying ionic currents and dynamic changes in ionic concentrations of an isolated canine ventricular myocyte were simulated using a modified version of the Decker-Rudy model [7, 13] , which includes a detailed formulation of calcium dynamics. A sensitivity analysis was performed by applying a one-at-atime variation in the ionic currents through the sarcolemma and the SR membrane. Specifically, each current was multiplied by 0 (complete block), 0.3, 0.7, 1 (no change) and 2 in order to study their impact on selected calciumrelated biomarkers. These changes could represent the effect of drugs or mutations, or simply inter-individual physiological variability [14] . Simulations were performed at three different pacing rates (1 Hz, 2 Hz and 3 Hz) and ran until achieving steady-state. The measured calcium biomarkers include systolic (CaS) and diastolic (CaD) intracellular Ca 2+ concentrations, Ca 2+ transient duration at 30% recovery (CaTD30) and at 90% recovery (CaTD90), and maximum upstroke calcium velocity (CaDotMax).
The sensitivity between the most severe current variation and the "no change" condition was calculated as explained in [10] . Finally, sensitivities were normalized to the maximum absolute sensitivity for each biomarker [10] .
Results and Discussion
Figs. 1 and 2 show representative examples of the results of the simulations for the two main ionic currents found to exert the stronger influence on the calcium biomarkers: I NaK (Na + -K + pump, Fig. 1 ) and I up (SERCA pump, Fig. 2 ). The upper panels in these figures show action potential traces, while the lower panels depict intracellular calcium transients. The three curves in each panel represent a control simulation (black solid lines), a simulation in which the corresponding ionic current was partially blocked (x0.7, red dashed lines) and a third one in which the current was potentiated (x2, blue dotted lines).
The results seen in the figures indicate that, generally speaking, the variations in the ionic currents have a stronger impact in the intracellular calcium transients than in the action potential itself. Blocking the Na + -K + pump by 30%, for instance, reduces the AP duration (APD) only slightly but increases the maximum systolic calcium concentration (CaS) by 219%. Similarly, if the pump current is doubled, APD is slightly increased while CaS decreases to 71% of its control value. A similar effect is also seen when the SERCA current is varied (Fig. 2) .
Variations in other ionic currents affect the calcium biomarkers in a lesser extent and in different fashions. The case of I Kr (not shown) was of particular interest: variations in this current, which is a usual pharmacological target, changed APD to a significant extent but had almost no effect in calcium biomarkers.
The results obtained in the sensitivity analysis were then compiled and represented in Fig. 3 for two different pacing frequencies (1 Hz, corresponding to a basic cycle length (BCL) of 1000 ms, and 3 Hz, corresponding to a BCL of 333 ms). Vertical bars represent the values of the biomarkers, normalized to their control values (100%), as a function of the ionic current multiplying factor. Each biomarker is represented by a particular colour. Only the results for the SERCA current (I up ) are shown, though similar graphs were built for each ionic current. The figure highlights the effect of pacing frequency on the influence of the SERCA pump in the intracellular calcium dynamics. A complete block of I up , for instance, has a more pronounced effect on CaD at 3 Hz (237% increase) than at 1 Hz (165%), conversely to the influence on CaS (72% and 100%, respectively).
Finally, the results mentioned above were normalized and expressed as relative sensitivities, as explained in [10] . Table 1 . Relative sensitivities of the calcium biomarkers to changes in ionic currents for a pacing frequency of 1 Hz. Table 2 . Relative sensitivities of the calcium biomarkers to changes in ionic currents for a pacing frequency of 2 Hz. Table 3 . Relative sensitivities of the calcium biomarkers to changes in ionic currents for a pacing frequency of 3 Hz.
For each biomarker, the current whose variations most affect the value of the biomarker is the 1.0 reference, so the effect of the variations of the other currents receive a value between 0 and 1. The results are compiled in Table 1 (for 1Hz, BCL=1000ms), Table 2 (2Hz, BCL=500ms) and Table 3 (3Hz, BCL=333ms). Bold numbers indicate a direct relationship (i.e. the biomarker increases with the multiplying factor), while italic numbers indicate and inverse relationship. Dark orange color indicates the strongest sensitivity per row (value equal to 1), while mild orange corresponds to a lack of dependency between biomarker and multiplying factor (value equal to 0).
The results shown in the tables indicate that the Na + /K + pump (I NaK ), the current through the L-type Ca 2+ channels (I CaL ) and the SERCA pump (I up ) are the three currents that have more impact on the calcium biomarkers. Surprisingly, the Na + /Ca 2+ exchanger only exerts a mild influence on calcium dynamics (which is in accordance with recent experimental results [15] ), the same as the RyR release current in the SR (I rel ). The rest of the sarcolemmal currents play a negligible role.
Conclusion
According to our simulation results, the ionic currents that exert a stronger influence on intracellular calcium transients during the canine ventricular cardiac action potential are the Na + /K + pump, the current through the Ltype Ca 2+ channels and the SERCA pump, with the other sarcolemmal and SR currents playing a minor role.
